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Spin currents can be generated on an ultrafast timescale by excitation of a ferromagnetic (FM)
thin film with a femtosecond laser-pulse. Recently, it has been demonstrated that these ultrafast
spin currents can transport angular momentum to neighbouring FM layers, being able to change
both the magnitude and orientation of the magnetization in the adjacent layer. In this work, both
the generation and absorption of these optically excited spin currents are investigated. This is done
using non-collinear magnetic bilayers, i.e. two FM layers separated by a conductive spacer. Spin
currents are generated in a Co/Ni multilayer with out-of-plane (OOP) anisotropy, and absorbed by
a Co layer with an in-plane (IP) anisotropy. This behaviour is confirmed by careful analysis of the
laser-pulse induced magnetization dynamics, whereafter it is demonstrated that the transverse spin
current is absorbed very locally near the injection interface of the IP layer (90% within the first
≈ 2 nm). Moreover, it will also be shown that this local absorption results in the excitation of THz
standing spin waves within the IP layer. The dispersion measured for these high frequency spin
waves shows a discrepancy with respect to the theoretical predictions, for which a first explanation
involving intermixed interface regions is proposed. Lastly, the spin current generation is investigated
using different number of repeats for the Co/Ni multilayer, which proves to be of great relevance
for identifying the optical spin current generation mechanism.
I. INTRODUCTION
The discovery of ultrafast demagnetization in ferro-
magnetic (FM) thin films after femtosecond (fs) laser-
pulse excitation induced a growing interest in the field
of fs magnetization dynamics. Two decades ago Beau-
repaire et al. demonstrated that the magnetization in
a Ni thin film can be quenched to almost half its ini-
tial value within a picosecond after the fs laser-pulse
excitation1. Although the discovery triggered and inter-
esting debate on the physical mechanism responsible for
the rapid loss of magnetization2–6, its relevance for fast
and energy efficient magnetic data storage was quickly
recognized. This realization eventually lead to the dis-
covery of all-optical magnetization reversal in both (syn-
thetic) ferrimagnets7,8 and ferromagnets9.
A third important discovery was that spin currents
are generated upon excitation of a FM film. This
was first demonstrated in a collinear magnetic bilayer,
where angular momentum transfer through the spacer
layer resulted in a faster and larger demagnetization of
the two anti-parallel FM layers10. Several more recent
studies have confirmed these laser-pulse induced spin
currents11–16. It even has been claimed that the opti-
cally excited spin current can enhance the magnetiza-
tion in one of the FM layers of the magnetic bilayer12.
Nowadays, electrically generated spin currents are heav-
ily used in the field of spintronics, where they are ex-
ploited to control the direction of the magnetization in a
FM layer via the spin transfer torque (STT). A similar
control of the magnetization on an ultrafast timescale can
be established using the optically generated spin current,
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as was recently demonstrated using a non-collinear mag-
netic bilayer14–16. It was argued that this optical-STT
is an accurate probe of the spin current, and it will be
employed in this work to investigate both the generation
and absorption of the laser-pulse induced spin current.
Since its discovery, several mechanisms for the gener-
ation of the optical spin current have been suggested.
Battiato et al. proposed a mechanism based on spin-
dependent transport of excited electrons. In this model
a superdiffusive spin current is generated due to spin fil-
tering of the hot electrons in the FM layer5. A second
mechanism uses the spin dependent Seebeck effect to ex-
plain the optical generation of spin currents16. In this
case the spin current is generated due to a temperature
gradient across the FM material caused by the laser exci-
tation. Lastly, there are models in which the spin current
is generated by the demagnetization, for instance using
the magnon-electron coupling. In this case electrons be-
come spin polarized due to the excitation of magnons
and the conservation of angular momentum, acting as a
source for a diffuse spin current that follows dM/dt15.
In this work, the generation of the fs laser-pulse excited
spin current is investigated in order to identify which
mechanism is at play. Besides the spin current gener-
ation, also the absorption depth of the spin current in
a second FM layers is investigated. Both phenomena
are studied using a non-collinear magnetic bilayer. This
magnetic bilayer consists of one FM layer with an out-
of-plane (OOP) anisotropy (generation layer), and a sec-
ond FM layer with in-plane (IP) anisotropy (absorption
layer). The two FM layers are separated by a metallic
(non-magnetic) spacer layer. By varying the thickness
of the generation layer the thickness dependence of the
spin current generation is examined. It is found that
the generation of spin currents is almost independent on
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2the thickness of the generation layer. Using a wedged
absorption layer the absorption of the spin current is in-
vestigated, revealing an absorption depth in Co of 2− 3
nm. It will be demonstrated that this very local absorp-
tion near the interface allows for THz spin wave exci-
tation in these non-collinear magnetic bilayers, as was
recently also demonstrated by Razdolski et al.17, and be-
ing of great relevance for the upcoming field of (THz)
magnonics18,19.
II. SAMPLE STRUCTURE AND
CHARACTERIZATION
The basic structure of the non-collinear magnetic bi-
layers used in this work is: SiB(substrate) / Ta(2) / Pt(4)
/ [Co(0.2) / Ni(0.6)]N / Co(0.2) / Cu(5) / Co(tCo) /
Pt(1) (thickness in nm). All samples are fabricated us-
ing DC magnetron sputtering at room temperature. In
this structure the Co/Ni multilayer has an easy axis along
the OOP direction (perpendicular magnetic anisotropy,
PMA), and the top Co layer has an easy plane along the
in-plane direction. The two FM layers are separated by
a 5 nm thick Cu layer which allows for the transfer of
spin currents and decouples both FM layers. The mea-
surements are performed using a standard time-resolved
magneto-optic Kerr effect setup (TR-MOKE) in the po-
lar configuration, and in the presence of an external field
that is applied parallel to the sample surface. The probe
and pump pulses have a spot size of ≈ 10µm and a
pulse length of ≈ 150 fs. The pulses are produced by
a Ti:sapphire laser with a wavelength of 790 nm and a
repetition rate of 80 MHz. In the experiments the pump
pulse is used to excite the spin dynamics, and the probe
pulse is used to measure the time resolved OOP magneti-
zation component of both FM layers of the non-collinear
bilayer.
The dynamics in the non-collinear system during the
measurements is illustrated by the cartoon in Fig. 1(a).
Before excitation, the system is in a steady state, where
the in-plane field sets the direction of the IP magnetiza-
tion as well as a slight canting of the OOP magnetization
(depending on its PMA). When the structure is excited
by the laser-pulse, spin currents are generated in both
layers. These spin currents will flow through the spacer
layer to be injected in the other layer. The transverse
spins injected in each layer will be absorbed, resulting in
a spin-transfer-torque (STT) on the magnetization. As a
result, the magnetization is canted away from the effec-
tive field, and a damped precession is initiated. Using the
probe pulse the precessions can be measured by measur-
ing the OOP magnetization as a function of time. The
amount of initial canting of the magnetization in each
layer, i.e. the initial amplitude of the damped precession,
is proportional to the absorbed angular momentum. In
this work the precession amplitude of the IP layer in com-
bination with the demagnetization of the OOP layer is
used to investigate the absorption and generation of the
spin current generated in the OOP layer. The precession
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FIG. 1. The measurements performed on a non-collinear sys-
tem with N = 4 and tCo = 3 nm. (a) Typical precession
measurement with an in-plane applied field of 95 mT. The
demagnetization of the OOP layer is visible in the first pi-
cosecond, and a clear precession (≈ 10 GHz) is present on
the long timescale. The cartoon shows the different stages
before, during and after the optical excitation. (b) Preces-
sion frequency measured as a function of the in-plane applied
field. The solid line represents fit using the Kittel relation,
resulting in a saturation magnetization of 1.3− 1.4 MA.m−1,
using a surface anisotropy of 0.3 − 0.6 mJ.m−2 taken from
literature20 and γ = 1.76 · 1011 rad.s−1.T−1. (c) Precession
measurements for all combinations of IP field direction (par-
allel to IP magnetization) and OOP magnetization direction
(remagnetization of OOP layer subtracted from the signal).
in the OOP layer is not visible in the measurements due
to the smaller MO sensitivity to the (bottom) OOP layer
compared to the (top) IP layer, as will be shown in the
following.
A typical measurement performed on a non-collinear
bilayer with N = 4 and tCo = 3 nm is shown in Fig.
1(a). In this figure the OOP magnetization of both lay-
ers, normalized to the magnetization of the OOP layer,
is plotted as a function of the pump-probe delay. In the
first few picoseconds the demagnetization and subsequent
remagnetization of the OOP layer is visible. On the long
timescale a clear precession of ≈ 10 GHz is observed. As
is illustrated in the cartoon of Fig. 1(a), the optical gen-
erated spin currents are expected to induce a precessional
motion of both the IP and OOP magnetization. More-
over, a precession in both FM layers was measured in
previous experiments by Schellekens et al.14, using simi-
lar structures. In their work it was demonstrated that the
precession of the IP magnetization was indeed initiated
by the STT mechanism discussed earlier. The precession
of the OOP magnetization, however, was attributed to a
laser-pulse induced anisotropy change, which was called
3the ∆K mechanism and will be discussed in more detail
later. In this work the precession in the IP layer will
be used to measure the absorption and generation of the
spin current generated in the OOP layer. Therefore, it
needs to be confirmed that the measured precession ac-
tually is the precessional motion of the IP magnetization,
initiated by the STT mechanism. In the following it will
be shown that this is indeed the case.
One way to identify to which layer the precession corre-
sponds is to perform field dependent precession measure-
ments. In case of the IP magnetization in an in-plane
external field the frequency fIP is given by the Kittel
relation
fIP =
γ
2pi
√
Bapp
(
Bapp + µ0Ms − 2Ks
tMs
)
, (1)
in which γ is the gyromagnetic ratio, Bapp is the applied
field, t and Ms the thickness and saturation magnetiza-
tion of the magnetic layer and Ks the surface anisotropy
constant (including the contribution of both interfaces of
the FM layer). In case of the OOP magnetization in an
in-plane field, where the applied field is small compared
to the anisotropy field, the precession frequency fOOP is
given by
fOOP =
γ
2pi
√(
µ0Ms − 2Ks
tMs
)2
−B2app. (2)
From these equations it is seen that in case of the IP
(OOP) magnetization the frequency increases (decreases)
when the applied field is increased. Figure 1(b) shows
the measured frequency as a function of the applied field
(black dots). A clear increase of the frequency with field
is observed. Moreover, the field dependence is nicely fit-
ted with the Kittel relation of Eq. (1) (red curve), result-
ing in a saturation magnetization of 1.3 − 1.4 MA.m−1,
using a surface anisotropy of 0.3 − 0.6 mJ.m−2 derived
from literature20 and γ = 1.76 · 1011 rad.s−1.T−1. The
found saturation magnetization compares well with the
bulk value for Co of 1.4 MA.m−1, unambiguously demon-
strating that it is the precessional motion of the IP mag-
netization that is measured.
Next, it should be verified that the mechanism initiat-
ing the precession is indeed the STT mechanism, and not
the earlier mentioned ∆K mechanism. The latter mech-
anism arises when the field is applied at a certain angle
to the sample surface, i.e. due to a minor misalignment21.
With the field at an angle, the equilibrium direction of
the effective field and thus the magnetization is no longer
IP, but is canted slightly out of plane. A precession can
be initiated by a laser-pulse induced change in the mag-
netization and anisotropy, abruptly altering the effective
field direction and resulting in a precession of the mag-
netization. Fortunately, a distinction between the two
mechanisms can be made by looking at the sign of the
measured precession when the applied field and OOP
magnetization directions are inverted. In case of the ∆K
mechanism, the precession signal inverts with the field
direction, but is independent of the OOP magnetization
direction. On the contrary, for the STT mechanism, the
precession signal is independent of the field direction, and
is inverted when the the magnetization direction of the
OOP layer reverses. Figure 1(c) shows the precession
measured for all combinations of IP field direction (par-
allel to IP magnetization) and OOP magnetization di-
rection. Looking at the top two curves it can be seen
that the precession is identical for both field directions.
The precession signal inverts when the OOP magnetiza-
tion direction is reversed, as can be seen in the bottom
two curves. This confirms that the measured precession
of the IP magnetization is indeed initiated by the STT
mechanism.
It was noted before that in previous experiments on
similar structures performed by Schellekens et al., also
a precession of the OOP magnetization was measured,
which was initiated by the ∆K mechanism14. The ab-
sence of this precession in the present measurements is
caused by the addition of a Ta seed layer underneath
the Co/Ni multilayer, causing a strong increase of the
PMA and the corresponding anisotropy field. With an
increase of the anisotropy field of the OOP layer the effect
of the laser-pulse excitation on the effective field becomes
smaller, reducing the amplitude of the ∆K precession to
a point where it is not measurable anymore. The exclu-
sion of the precession of the OOP magnetization from the
measurements allows for a more straightforward analysis
of the measured data.
With the measured spin dynamics verified, it can be
used to investigate the generation and absorption of the
laser-pulse excited spin current. To do so, two param-
eters are defined, being the efficiency, , and the initial
canting angle, θc. The efficiency is defined as the ratio
of OOP angular momentum absorbed by the IP layer,
∆Mz,IP, to the angular momentum lost during demagne-
tization by the OOP layer, ∆Mz,OOP,
 =
∆Mz,IP
∆Mz,OOP
. (3)
The initial canting angle is defined as the angle of the IP
magnetization with respect to the sample surface after
absorption of the OOP spin current, and can be calcu-
lated using
θc = arcsin
(
∆Mz,IP
Ms,IPtIP
)
. (4)
In this equation Ms,IP and tIP are the saturation mag-
netization and thickness of the IP layer, respectively. A
discussion on how the efficiency and canting angle are
derived from a precession measurement as shown in Fig.
1(a) can be found in Appendix A.
It is important to note that measurements on different
samples or different areas on the same sample are go-
ing to be compared. The amount of demagnetization in
these different measurements might be slightly different,
e.g. due to a small difference in spotsize or pump-probe
overlap. In order to be able to compare the different
measurements, care should be taken that the measured
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FIG. 2. Fluence dependent measurement performed on a non-
collinear system with N = 4 and tCo = 3 nm. The figure
shows the measured canting angle of the IP magnetization
as a function of the demagnetization of the OOP layer. The
solid line represents a linear fit with fixed zero offset.
parameters are independent of the demagnetization of
the OOP layer. This is investigated by measuring θc
as a function of the demagnetization of the OOP layer
for a non-collinear system with N = 4 and tCo = 3
nm. The results of this measurement are presented by
the black dots in Fig. 2. The figure shows that for the
low demagnetization regime used throughout this work
θc is linear in the amount of demagnetization (red line).
The achieved θc is on the order of millidegrees, and thus
can be approximated by ∆Mz,IP/ (Ms,IPtIP). This means
that ∆Mz,IP scales linearly with the demagnetization, i.e.
with ∆Mz,OOP, and thus that the efficiency is indepen-
dent of the amount of demagnetization. Moreover, the
linear dependence of θc shown in Fig. 2 also means that
the canting angle per percent demagnetization, θc,%, can
be used as a demagnetization independent parameter. In
conclusion, both  and θc,% are good parameters to be
compared between different measurements.
III. RESULTS AND DISCUSSION
III.1. Spin current absorption and THz spin wave
excitation
First the absorption of the spin current in the IP layer
is investigated. By using a wedge shaped top Co layer
the penetration depth of the transverse spins is measured.
The structure used in this measurement is given by the
basic non-collinear bilayer introduced earlier, now with
N = 4 and a wedge shaped top Co layer with tCo ranging
from 0 nm to 6 nm over a distance of 20 mm. Using the
fact that the TR-MOKE measurement is a very local
technique (spotsize ≈ 10 µm), the thickness dependent
measurement can be performed by measuring  and θc,%
at different points along the Co wedge.
The saturation magnetization and surface anisotropy
of the wedged IP layer, needed for the determination of 
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FIG. 3. Measurements performed on a non-collinear magnetic
bilayer with N = 4 and wedged top Co layer with thickness
ranging from 0 nm to 6 nm over a distance of 20 mm. (a)
Precession frequency measured as a function of top Co layer
thickness for six different in-plane applied field strengths. The
solid curves represent fits using the standard Kittel relation,
resulting in Ms,IP ≈ 1240 kA.m−1 and Ks ≈ 0.70 mJ.m−2.
The dotted curves represent fits using the Kittel relation in-
cluding a thickness dependent saturation magnetization as
discussed in Appendix C (b) Efficiency and canting angle per
percent demagnetization (inset) as a function of top Co layer
thickness. The solid curve represents a fit to the data show-
ing a finite absorption depth (e.g. 90 % absorbed within first
2.2± 0.2 nm). The dotted lines represent constant efficiency
and corresponding θc,%, which describes the case when there
is full absorption independent of top Co layer thickness.
and θc,%, are obtained by measuring the frequency of the
precession as a function of the IP layer thickness. The
Kittel relation (Eq. (1)) shows that indeed the thickness
dependence of the anisotropy term allows to determine
both Ms,IP and Ks from the measured data. The mea-
sured frequencies as a function of the Co layer thickness,
for different applied field strengths, are shown by the
solid dots in Fig. 3(a). The solid curves are fits to the
data using Eq. (1). The fits are performed using a global
fit with shared fitting parameters Ms,IP and Ks, result-
ing in Ms,IP ≈ 1240 kA.m−1 and Ks ≈ 0.70 mJ.m−2.
Looking at the fitted curves, it can be seen that the mea-
sured data are not well described by the Kittel relation.
For all field strengths it seems that there is an additional
5thickness dependence that is not captured by Eq. (1).
As will be discussed later, one possibility is a thickness
dependent saturation magnetization, decreasing for thin-
ner layer thicknesses. For simplicity, however, the sim-
plest case with constant Ms,IP and Ks throughout the
wedged layer will be used in the remainder of this discus-
sion. The analysis including a thickness dependent Ms,IP
can be found in Appendix C (results are shown by the
dashed curves in Fig. 3(a)). There it is shown that the
overall behaviour of the efficiency and canting angle as a
function of the Co layer thickness is robust and similar
for both cases.
The efficiency calculated as a function of the top Co
layer thickness is shown in Fig. 3(b) (solid dots). For
the very thin Co thicknesses (grey area) no precession
amplitudes could be determined, which is attributed to
the surface anisotropy (PMA) becoming too pronounced.
The solid curve is a fit to the data following
 = max
(
1− e−
tCo
λt,Co
)
, (5)
where max is the efficiency for infinite Co thickness tCo,
and λCo the characteristic spin absorbtion length. For
large thicknesses the efficiency saturates, corresponding
to full absorption of the transverse spin current. At zero
thickness, i.e. no IP layer, the efficiency must be zero.
Looking back at the definition of the efficiency (Eq. (3)),
it can be seen that the behaviour shown in Fig. 3(b)
corresponds to a transverse spin absorption that decays
exponentially with the distance from the interface where
the spins are injected. From the fit the values λCo =
0.96 ± 0.07 nm and max = 7.3 ± 0.1 % are obtained.
This result shows that the spin current is absorbed very
locally near the interface, i.e. 90 % of the transverse spins
are absorbed within the first 2.2±0.2 nm of the Co layer.
This penetration depth agrees well with the penetration
depth of 1.7 nm found for electrically driven transverse
spin currents in Co by Ref.22.
The effect of the limited penetration depth of the trans-
verse spins is also seen in the canting angle per per-
cent demagnetization, as shown in the inset of Fig. 3(b).
Here θc,% is plotted as a function of tCoMs (solid dots).
For small canting angles a (tCoMs)
−1 dependency is ex-
pected when there is full absorption, i.e. constant effi-
ciency (λCo → 0 nm), illustrated by the dotted curve. It
is seen that for Co thicknesses below approx. 3 nm the
canting angle is not reaching its maximum value, demon-
strating again the incomplete absorption of the spin cur-
rent for these thicknesses.
The results on the spin absorption shows that the ab-
sorption of the transverse spins falls of exponentially with
the distance from the injection interface. This results in a
strong gradient in the canting angle of the IP magnetiza-
tion, as illustrated in the left cartoon of Fig. 4(a). It was
recently demonstrated by Razdolski et al. that a strong
gradient in the magnetization direction can be used to
excite THz standing spin waves along the depth of the
IP layer17. In the following it will be demonstrated that
these THz spin waves, with frequencies up to 1.2 THz,
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FIG. 4. (a) Precession measurement performed on a non-
collinear bilayer with N = 4 and wedged top Co layer with a
thickness ranging from 0 nm to 6 nm, measured at a thick-
ness of 5.5 nm. During the measurement a QWP was added
to TR-MOKE setup to increase the sensitivity to the THz
precession. Both the (≈ 0.55 THz) spin wave and the (≈ 10
GHz) fundamental precession are visible. Cartoon shows the
gradient in the canting angle within the Co layer after the op-
tical excitation, and the resulting fundamental and first order
standing spin wave. (b) Spin wave frequency measured as a
function of the Co layer thickness. No THz precessions are
found for Co thicknesses below 3 nm. The dotted curve rep-
resents a fit using the standard dispersion relation, showing
a clear discrepancy with the measured data. The solid curve
represents a fit using the dispersion relation with a thickness
dependent spin wave stiffness, showing a much more accurate
description of the data.
are indeed excited in the non-collinear bilayer measured
here.
The THz spin waves are observed as an additional pre-
cession on the fast picosecond timescale in the demagne-
tization measurements performed in the thicker region of
the Co wedge (not shown). The spin waves carry no net
OOP magnetic moment, causing their signal to be av-
eraged out in case of homogeneous averaging across the
thickness of the layer. The fact that the spin waves can
be measured in the TR-MOKE setup results from a cer-
tain depth sensitivity due to the attenuation of the laser
within the FM layer. However, for these thin layers the
depth sensitivity and thereby the spin wave signal is only
small. To achieve a better sensitivity of the TR-MOKE
setup to the THz precession a quarter-wave-plate (QWP)
was added to the probe beam. By carefully tuning the
6QWP angle, a specific linear combination of Kerr rota-
tion and ellipticity can be measured23, and the signal can
be optimized to measure the THz precession. An exam-
ple of such a measurement is shown in Fig. 4(a). In this
figure both the first order standing spin wave (0.55 THz)
as well as the fundamental precession (10 GHz) are vis-
ible (different timescales), both illustrated in the right
cartoon in the figure. The shown measurement is per-
formed with an IP layer thickness of tCo = 5.5 nm. The
sign of the THz precession has the same dependency on
the IP and OOP magnetization direction as the funda-
mental precession as was shown in Fig. 1(c). Also, the
THz precession is even present without the applied field,
which is expected with the exchange interaction driving
the precession.
Using the wedge shape of the IP layer in the non-
collinear bilayer the spin wave frequency can be measured
as a function of the Co layer thickness. The frequencies
measured for the different Co thicknesses are shown by
the black dots in Fig. 4(b). At thicknesses of 2.5 nm and
below there was no sign of the spin wave in the mea-
surement. This means that either the spin waves are not
excited, or that they are not visible in the measurement.
At the moment it is believed that the latter is the case,
being the result of a strong decrease in the lifetime of
the spin waves due to the large increase in frequency,
combined with a decrease in the depth sensitivity of the
MOKE for the thinner layers.
The thickness dependence of the spin wave frequency
shown in Fig. 4(b) can be fitted using the theoretical dis-
persion relation in order to obtain the spin wave stiffness
of the Co layer. The dispersion relation, including both
the in-plane applied field (Bapp) and shape and surface
anisotropy terms contributions, is given by (see Appendix
B for derivation)
f (k) =
γ
2pi
[(
Bapp +
Dsw
γ~
k2
)
(
Bapp + µ0Ms − 2Ks
tMs
+
Dsw
γ~
k2
)] 1
2
, (6)
k =
pin
t
. (7)
In this equation the spin wave frequency and order are
given by f and n, respectively. The spin wave stiff-
ness is represented by Dsw, and ~ corresponds to the
reduced Planck constant. Using this relation, with n = 1,
Ms = 1240 kA.m
−1, Ks = 0.70 mJ.m−2 and Bapp = 72
mT, the data in Fig. 4(b) can be fitted, using the spin
wave stiffness as the fitting parameter. Looking at the
fitted curve (solid red curve), it can be seen that the mea-
sured data is not well described by the dispersion rela-
tion of Eq. (6). The measured dispersion is flattened out
with respect to the theoretical dispersion. This suggests,
as was seen for the Kittel fits in Fig. 3(a), that here is
an additional thickness dependence that is not captured
by the dispersion relation in Eq. (6). A detailed investi-
gation of this additional thickness dependence is out of
the scope of this paper, and only a short discussion on a
possible explanation will be given.
In the case of n > 0, the dispersion relation shown
in Eq. (6) is dominated by the Dsw term. Therefore,
the additional thickness dependence can be expected to
be present in this spin wave stiffness. The spin wave
stiffness itself is related to the exchange constant Aex via
the atomic spin S and the lattice constant a,
Dsw =
Aexa
3
S
. (8)
It has been demonstrated by Enrich et al. that the ex-
change constant in Co decreases when it is alloyed with
other materials24. Moreover, they demonstrated a signif-
icant decrease of the average exchange constant of the Co
layers in a Co/Ru multilayer for Co thicknesses below 10
nm. The decrease of Aex was attributed to intermixed
interface regions that have a lower exchange constant,
which become more dominant for the thinner Co lay-
ers. In case of the sputter deposited structures measured
here, interface intermixing is expected to occur as well.
Since the data presented in Ref.24 suggest an exponen-
tial dependence of Aex on the Co thickness, the following
estimation is used,
Dsw(t) = Dsw,∞
(
1− e− td0
)
. (9)
Substituting Eq. (9) into the dispersion relation, the mea-
sured spin wave frequencies are fitted with much more
accuracy, as is shown by the dotted curve in Fig. 4(b).
The fitted parameters are Dsw,∞ = 980±30 meV.A˚2 and
d0 = 4.7± 0.3 nm. The d0 value seems to be reasonable
compared to the data on Aex in Ref.
24 (estimated value of
d0 ≈ 4.3 nm). However, the value for Dsw,∞, i.e. for bulk
Co, is almost a factor of three higher than the expected
value of 340±75 meV.A˚2 found for poly-crystalline Co25.
This discrepancy suggests that the description of the spin
wave stiffness as given in Eq. (9) is not complete and a
more elaborate study is needed, which is out of the scope
of this paper.
The thickness dependent exchange constant being the
cause of the observed (flattened) THz dispersion is a
first assumption and needs to be confirmed, however, it
does also give a possible explanation for the discrepan-
cies observed for the fundamental precessions shown in
Fig. 3(a). The Curie temperature of a magnetic layer
is directly proportional to the exchange constant, mean-
ing that a lowering in the exchange constant results in a
decrease of the Curie temperature. Since the measure-
ments are performed at room temperature, this decreases
the saturation magnetization and with it the precession
frequency. As was mentioned earlier, adding such a thick-
ness dependent Ms to Eq. (1) indeed results in a better
fit to the measured data (analysis in Appendix C). This
shows that the additional thickness dependence observed
in the dispersion of both the fundamental precessions as
well as the spin waves can be explained with a thick-
ness dependence in the average exchange constant of the
Co film, possibly caused by intermixing in the interface
regions.
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FIG. 5. Efficiency and canting angle per percent demagne-
tization (inset) measured on the non-collinear bilayers with
tCo = 3 nm and [Co/Ni]N repeats of N = 2, 3 and 4. For the
efficiency no significant dependence on the amount of repeats
is seen, whereas for the canting angle per percent demagneti-
zation a clear increase with number of repeats is present. The
dotted lines are guides to the eye.
III.2. Spin current generation
Next, the laser-pulse excited spin current generation in
the OOP layer is investigated. This is done by measur-
ing the efficiency and canting angle as a function of the
OOP layer thickness. For this measurement four struc-
tures are fabricated following the basic non-collinear bi-
layer as introduced earlier. Each structure has a similar
top Co layer with tCo = 3 nm, but a different amount
of [Co/Ni]N repeats. The used repeats are N = 1, 2, 3
and 4. Unfortunately, the measurements on the structure
with N = 1 showed no precessions of the IP layer. Polar
hysteresis measurements on this structure revealed a very
small coercivity for the OOP layer (≈ 1 mT), indicating
weak PMA. As a result the OOP layer is pulled in-plane
by the applied field during the measurements. In this
case parallel spins are injected in the IP layer and there
will be no STT and thus no canting of the magnetiza-
tion. This is seen in the measurements by the absence of
both the demagnetization and the precession. Although
this causes the structure to be useless for the spin cur-
rent investigation, it confirms again that the measured
precession of the IP magnetization is indeed caused by
the STT mechanism.
The samples with N = 2, 3 and 4 did show sufficient
PMA and the efficiency and canting angle could be de-
termined. The resulting  and θc,% as function of the
[Co/Ni]N repeats are shown in Fig. 5 (dotted lines are
guides to the eye). First looking at the efficiency, it can
be seen that there seems to be no strong dependency
on the thickness of the OOP layer. A constant efficiency
would mean that for an equal amount of angular momen-
tum lost in the OOP layer, an equal amount of angular
momentum is absorbed by the IP layer, independent of
the thickness of the OOP layer. This behaviour can also
be seen in the measured θc,% as a function of [Co/Ni]N
repeats, shown in the inset. The amount of angular mo-
ment lost in the OOP layer per percent demagnetization
increases with the amount of repeats. With a constant
, the amount of angular momentum absorbed in the IP
layer will also increase with the [Co/Ni]N repeats, result-
ing in the rise of θc,%. Although, due to the limited num-
ber of thicknesses available here, a more extensive thick-
ness study is needed to confirm the observed behaviour
of both  and θc,%, this observation does allow for a first
speculation on the spin current generation mechanism.
It is noted that the stacks (spacer layer and top Co
layer) deposited on top of the different [Co/Ni]N repeats
are designed to be identical. This means that the trans-
port and absorption of the spin current generated in the
OOP layer is expected to be the same in all three struc-
tures. The absence of a clear thickness dependence in 
therefore indicates that a similar amount of angular mo-
mentum loss in the OOP layer generates a similar spin
current, independent of the thickness of the OOP layer.
Also, it implies that the full thickness of the OOP layer
contributes to the generated spin current. The latter
notion contradicts the idea of a limited interface region
(≈ 1 nm) contributing to the spin current generation, as
was suggested by Alekhin et al. for Fe/Au13. In case
of a superdiffusive spin current the spin current is gen-
erated due to spin filtering of the hot electrons in the
magnetic layer5. Although for a complete assessment ex-
plicit calculations need to be performed, it might be ex-
pected that the spin filtering becomes more pronounced
with increasing layer thickness since part of the hot elec-
trons will have to travel a longer distance within the FM
layer. In that case the net spin current leaving the OOP
layer would increase with the layer thickness, resulting
in an increase of the efficiency with [Co/Ni]N repeats.
This, however, is not observed in the present measure-
ment. The spin current generated by the spin dependent
Seebeck effect is negligible in the structures used in this
work, as was demonstrated by Schellekens et al. for sim-
ilar non-collinear bilayers14. The notion of the generated
spin current being solely dependent on the amount of
lost angular momentum does agree with a mechanism
where the spin current is generated by the demagneti-
zation, thus following dM/dt15. In this case a certain
amount of loss in angular momentum in the OOP layer
(dM) will generate a certain (diffuse) spin current, inde-
pendent of the thickness of the OOP layer. While this
analysis tentatively points towards a dM/dt like scenario,
the main conclusion is that the type of experiments pre-
sented can be highly valuable to resolve the optical-STT
mechanism. Explicit model calculations for the different
scenarios need to be performed before making an unam-
biguous assignment.
IV. CONCLUSION
In conclusion, both the generation and absorption of fs
laser-pulse induced spin currents have been experimen-
tally investigated using non-collinear magnetic bilayers.
8Using a wedge shaped Co (absorption) layer it has been
demonstrated that the spin current is absorbed very lo-
cally near the injection interface (90% within the first
≈ 2 nm). This local absorption was confirmed by the
demonstration of THz spin waves being excited within
the Co layer as a result of the strong gradient in the
canting angle of the IP magnetization after the optical
excitation. Also, the mechanism behind the optical spin
current generation in these magnetic bilayers has been
examined. This was done by measuring the spin current
generation as a function of the Co/Ni (generation) layer
thickness. The results indicate that the spin current gen-
eration is solely dependent on the amount of lost angular
momentum, and not on the thickness of the layer, favour-
ing a mechanism where the spin current is generated by
the demagnetization, and follows dM/dt. The experi-
ments presented in this work demonstrate that the non-
collinear bilayer is a convenient structure to investigate
optically generated spin current. Moreover, the possibil-
ity to excite THz spin waves in these structures causes
them to be of high potential for future THz magnonics.
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Appendix A
In this section it will be discussed how the efficiency
and canting angle are derived from the precession mea-
surements, of which a typical example is shown in Fig.
1(a). Since an elaboration on the calculation can already
be found in Ref.14, only a brief overview will be given
here.
The efficiency is defined as the ratio of OOP angular
momentum absorbed by the IP layer to the angular mo-
mentum lost in the OOP layer during demagnetization.
This ratio is determined using the ratio of the precession
amplitude of the IP layer, Aosc, to the the amplitude of
the demagnetization of the OOP layer, Adem. Both am-
plitudes are obtained from the precession measurement
as shown in Fig. 1(a). This ratio needs to be multiplied
with a sensitivity factor, fMO, to correct for the differ-
ence in magneto-optical (MO) sensitivity to the spins in
either magnetic layer. Thus, the efficiency is given by
 =
∆Mz,IP
∆Mz,OOP
=
Aosc
Adem
fMO. (A1)
In order to determine the sensitivity factor (static)
hysteresis measurements are performed using the polar
MOKE setup and an out-of-plane applied external field.
This measurement shows an easy axis switch for the OOP
magnetization on top of a linear background signal corre-
sponding to the hard axis rotation of the IP magnetiza-
tion. The MO signal of the OOP layer is simply given by
the stepsize of the switch, AOOP. In case of the IP layer
the MO signal is calculated using the slope of the hard
axis rotation, BIP, and the calculated saturation field,
µ0Hsat. The sensitivity factor is than calculated by tak-
ing the ratio of the MO signals of each layer normalized
to its magnetic moment M ,
fMO =
AOOP/MOOP
BIPµ0Hsat/MIP
. (A2)
The magnetic moment of the OOP layer is determined
using a SQUID-VSM, whereas the magnetic moment of
the IP layer is determined from the field dependent pre-
cession frequency.
The OOP magnetic moment absorbed by the IP layer
is given by the precession amplitude and the sensitivity
factor, multiplied by the magnetic moment of the OOP
layer due to the normalization of the precession measure-
ment: ∆Mz,IP = AoscfMOMOOP. This means that the
canting angle can be calculated using
θc = arcsin
(
AoscMOOPfMO
MIP
)
. (A3)
It is noted that in the present work care is taken that
the calculated slope of the hard axis rotation of the IP
magnetization is corrected for the linear background sig-
nal resulting from the Faraday effect in the optical com-
ponents of the polar MOKE setup, and that the surface
anisotropy is taken into account in the calculation of the
saturation field of the IP magnetization.
Appendix B
In this section the dispersion relation of the standing
spin waves (Eq. (6)) will be derived. In this derivation
the external field is applied along the +y direction, and
the canting of the magnetization away from this equilib-
rium direction is assumed to be small. As a result the
magnetization can be described by a (elliptical) preces-
sion in the x, z plane. With the inclusion of a kz phase
term to allow standing spin waves in the z direction, the
magnetization is described by
~M =
MxMy
Mz
 =
Mx,0 cos (ωt+ kz)Ms
Mz,0 sin (ωt+ kz)
 . (B1)
The contributions to the effective field include the applied
field ~Happ, the demagnetization field (originating from
shape anisotropy), ~Hdem, the anisotropy field (due to the
interface anisotropy), ~Hani, and the exchange field ~Hex,
and is given by
~Heff =

0
Happ(
2Ks
µ0dM2s
− 1
)
Mz
+ 2Aexµ0M2s ∇2 ~M. (B2)
In this equation the thickness of the magnetic layer is
given by d, and Aex represents the exchange stiffness.
The dispersion of the spin waves is calculated by inserting
Eq. (B1) and Eq. (B2) into the LLG equation (ignoring
damping),
d ~M
dt
= −γµ0
(
~M × ~Heff
)
. (B3)
Evaluating the x and z components a system of linear
homogeneous equations is obtained, for which non-trivial
solutions exist when the determinant of the coefficient
matrix vanishes,
det
∣∣∣∣ ω−γµ0 (Happ + C2k2)
γµ0
(
Happ +Ms + C2k
2 − C1
)
−ω
∣∣∣∣ = 0 (B4)
10
in which the following abbreviations are used,
C1 =
2Ks
µ0dMs
, (B5)
C2 =
2Aex
µ0Ms
. (B6)
Solving Eq. (B4) for ω (= 2pif) leads to the dispersion
relation given by
f (k) =
γ
2pi
[(
Bapp +
2Aex
Ms
k2
)
(
Bapp + µ0Ms − 2Ks
tMs
+
2Aex
Ms
k2
)] 1
2
. (B7)
The relation between the exchange stiffness and the spin
wave stiffness of long wave-length spin waves is given by26
Aex =
MsDsw
2γ~
. (B8)
Using this relation the dispersion relation of Eq. (B7) can
be rewritten to
f (k) =
γ
2pi
[(
Bapp +
Dsw
γ~
k2
)
(
Bapp + µ0Ms − 2Ks
tMs
+
Dsw
γ~
k2
)] 1
2
. (B9)
Appendix C
In this section the calculation of the efficiency as a
function of the Co thickness for the non-collinear bilayer
with N = 4 and a wedge shaped top Co layer is shown
again, now including a thickness dependent saturation
magnetization of the Co layer. The reason for this al-
ternative calculation is shown in Fig. 3(a) of the main
article. In this figure it was seen that the measured dis-
persion of the fundamental precession in the wedged Co
layer (filled dots) is not well described by the Kittel re-
lation (solid lines). For all field strengths it seems that
there is an additional thickness dependence that is not
captured by Eq. (1). As discussed in the main article,
one possibility is that the saturation magnetization of
the Co layer decreases with decreasing layer thickness,
as a result of a lower exchange constant in the interface
regions due to interface intermixing. In the following a
first approximation of the dependency of the saturation
magnetization on the layer thickness is given, assuming
a constant surface anisotropy. Afterwards, the efficiency
as a function of the top Co layer thickness is calculated
again, including the found relation between the satura-
tion magnetization and Co layer thickness. It will be
shown that the efficiency as a function of the Co thick-
ness for this alternative analysis is similar as was found
in the main article using a constant Ms.
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FIG. 6. (a) Precession frequency measured as a function of
top Co layer thickness for six different in-plane applied fields.
The measurements are performed on a non-collinear magnetic
bilayer with N = 4 and wedged top Co layer with thickness
ranging from 0 nm to 6 nm. The solid curves represent fits
to the data using the Kittel relation using an effective mag-
netization to include both the saturation magnetization and
surface anisotropy. (b) Calculated saturation magnetization
as a function of Co layer thickness for three different values
for the surface anisotropy. The dashed lines show that the
relation between the saturation magnetization and Co thick-
ness is well described by a linear dependency for each value
of the surface anisotropy.
To find the relation between the Co thickness and the
saturation magnetization, the data of Fig. 3(a) is reevalu-
ated in Fig. 6(a) (filled dots). In this figure the precession
frequency is plotted as a function of the applied field, for
different thicknesses of the Co layer. The data for each
thickness is fitted using a slightly different version of the
Kittel relation (solid curves),
fIP =
γ
2pi
√
Bapp (Bapp + µ0Meff), (C1)
introducing the effective magnetization (Meff) in order to
get the best fit and not yet make any assumption about
both Ms and Ks. The effective magnetization is given by
Meff = Ms − 2Ks
µ0Mst
. (C2)
It can be seen that substitution of Eq. (C2) into Eq. (C1)
returns the Kittel relation as given in Eq. (1). With Meff
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FIG. 7. Efficiency and canting angle per percent demagnetiza-
tion (inset) as a function of top Co layer thickness, determined
using a linear dependency of the saturation magnetization on
the Co layer thickness. The solid curve represents a fit to the
data. The dotted lines represent constant efficiency and cor-
responding θc,%, which describes the case when there is full
absorption independent of top Co layer thickness.
determined for each thickness, the saturation magneti-
zation can be calculated when the surface anisotropy at
each thickness is known. Since a wedge is used, the adja-
cent layers of the Co layer are identical for each thickness.
Therefore, in this first approximation it is assumed that
the surface anisotropy is constant throughout the wedge,
and thus the same for each Co thickness. The exact value
of Ks is not known, and can not be determined from
the data in Fig. 6(a). Therefore, the saturation mag-
netization is calculated using a range of different values
for Ks, ranging between 0.2 − 0.6 mJ.m−2 derived from
literature20. The calculated saturation magnetization as
a function of Co layer thickness for three different val-
ues for Ks are shown in Fig. 6(b) (solid dots). It can be
seen that the relation between the saturation magneti-
zation and Co layer thickness is well approximated by a
linear dependency for all three values of Ks. Therefore,
as a first estimation a linear thickness dependency of Ms,
given by Ms(tCo) = Ms,0 + A tCo, is added to the Kit-
tel relation. Using this extended Kittel relation the data
presented in Fig. 3(a) is fitted again, now using A, Ms,0
and Ks as (global) fitting parameters. As can be seen in
the figure, the fits including this thickness dependent sat-
uration magnetization describe the measured data with
much more accuracy (dashed curves).
Using the values obtained for A, Ms,0 and Ks, the ef-
ficiency as a function of the Co thickness is calculated
again, and presented in Fig. 7. It can be seen that the
overall (exponential) behaviour is similar as was found in
the main article using a constant Ms and Ks throughout
the wedge. However, there are some small differences.
In the present case the exponential decrease of the ef-
ficiency for small Co thicknesses is more pronounced.
Also, the characteristic absorption depth is larger, λCo =
1.24 ± 0.08 nm compared to λCo = 0.96 ± 0.07 nm for
constant Ms and Ks. This results in 90% being absorbed
within the first 2.9±0.2 nm compared to the 2.2±0.2 nm
in the main article. Lastly, the saturation value of the
efficiency is a bit smaller, max = 6.7 ± 0.1 % compared
to max = 7.3± 0.1 % in Fig. 3(b).
In conclusion, it has been demonstrated that the over-
all behaviour of the efficiency as a function of the Co
thickness is similar in both cases, i.e. with constant Ms,
or with a thickness dependent Ms. This shows that the
conclusion on the limited absorption depth is robust. In-
cluding the thickness dependence of the saturation mag-
netization to the Kittel relation greatly improved the fits
to the data, indicating that the thickness dependent sat-
uration magnetization might be a viable approximation.
